We present measurements of transverse and longitudinal beam phase space evolution during the first two hundred turns of the FNAL Booster cycle. We discuss the experimental techinque, whch allowed us to obtain turn-by-turn measurements of the beam profile. The experimental results are compared with the prediction of the Synergia 3D space charge simulation code.
INTRODUCTION
The Fermilab Booster is a rapid-cycling, 15 Hz, alternating gradient synchrotron with a radius of 75.47 meters. The lattice consists of 96 combined function magnets in 24 periods, with nominal horizontal and vertical tunes of 6.7 and 6.8 respectively. The Booster accelerates protons from a kinetic energy of 400 MeV to 8 GeV, at a harmonic number h=84, using 17 rf cavities with frequency which slews between 37.7 MHz (at injection) and 52.8 MHz ( There are many factors affecting the behavior of the Booster beam, including the energy and emittance of the incoming beam nonlinear field errors and space charge effects, which axe believed to he responsible for a significant fraction of the observed losses in the Booster [2] during the f i s t 2 ms of the cycle (injection, capture, and bunching phase). Since the performance of the Booster is what makes or breaks the FNAL neutrino program, and its stable operation is required for the FNAL collider program, it is essential to study and quantify these effects. In order to achieve this goal, we have developed a fully three dimensional (3D). Panicle In Cell (PIC) model of the booster, based on the package Synergia 131. The Synergia package has been developed under the DOE SciDAC initiative for accelerator modeling, Advanced Computing for 21" Century Acceleralor Science and Technology. Synergia incorporates existing packages for modeling 3D space charge and computing transfer maps using Lie algebraic techniques. It utilizes a split operator technique for particle propagation, includes a parser of the Methodical Rcreler-
. rpe"a@f"al.go, ator Design (MAD) language, and has multi-turn injection modeling capabilities. The code has the capability to compute higher order transfer maps, but linear maps were used for the simulations presented in this paper.
In the following sections, we describe measurements of Booster beam evolution during the first 200 turns after injection, and present comparisons with the Synergia model.
EXPERIMENTAL DATA AND COMPARISON TO SIMULATION
The objective of the experiments was to study the beam evolution in the first few hundred turns after injection, by comparing transverse and longitudinal beam widths to the simulation, with single turn time resolution, for different beam currents. The FNAL Booster has two measuring devices capable of measuring of beam widths with such resolution: the Ion Profire Monitor detector (IPM) [4] , which utilizes the ions from ionization of the residual gas by the proton beam to measure transverse beam profiles, and the Resistive Wall Monitor (RWM) device, which utilizes the induced current on the heam pipe by the particle beam, to measure the longitudinal beam profile. Since the response of the IPM depends on the charge of the beam, and since the goal of the experimental program is to use this detector for a quantitative study of space charge effects, we installed a third measuring device, the "flying beam" wire, in order to check and calibrate the performance of the IPM.
IPM calibration
The IPM detector measures the projection of the beam distribution on each one of the transveme coordinates. An applied transverse clearing field of 8 kV causes the ions to drift to a micro-channel plate (MCP). (The beam direction defines the longitudinal coordinate). The detector is 0.5 m long, with a transverse gap of 12 cm. The MCP plate is 8 x 10 cm'and has strip spacing 1.5 nun. For an ideal measurement of one projection, the ions' drift should he parallel to the other (non-measured) coordinate. The external clearing field is applied on the beam along the non-measured coordinate to achieve this objective. The response of detector is complicated by the effect of the fields of the beam itself. The field due to the beam is not tiansverse, so it distorts the behavior from the ideal. As a result, the response of the IPM depends on the charge of the beam, so it has to he calibrated as a function of the injected number of protons.
In order to perform an experimental measure of the IPM calibration, we took width measurements simultaneously with the Booster IPM, the MI-8 extraction line wire cham-ber and the so-called "flying beam" wire [SI. The "flying beam" wire is a single wire measuring device at the Booster Long 1 section, which can be parked just outside the beam envelope of the injected beam, i.e beam envelope with the ORBUMP magnets on. At injection, the ORBUMP magnets keep the beam trajectory displaced by -4 cm with respect to the nominal beam orbit, so that the injected H -ions will pass through a stripping foil. The wire is placed between the displaced and nominal orbits. As the ORBUMP current decays, the beam sweeps through the wire, providing a measure of the horizontal beam profile. By recording the ORBUMP current as a function of time, I ( t ) , and the response of the wire as a function of time, a(t), we can reconstruct the horizontal profile, a(~), as measured by the wire by using the known beam position as a function of current, x ( I ) . The result of the calibration is a parameteri- 
IPM transverse projile measurements
We collected data with the IPM detector in three dif 
Longitudinal profile measurements
The purpose of these measurements were to obtain a data set under well defined conditions in order to check the model implementation. The data set was obtained with the Booster running DC (rf system off and no ramping of the magnet power supplies). This was done in order to simplify the running conditions and reduce the number of parameters in the comparisons. To further reduce complications in the initial conditions, only a single turn worth of Linac beam was injected in the machine. The current of the Linac beam was controlled by detuning one of the Linac quadrupoles. Under these conditions, we t w k data with injected beam of I1.20, and 42 mA, and recorded the evolution of the longitudinal beam profile using the RWM. 
